Abstract: Because of the adverse effects that diagenesis exert on ancient skeletal remains, DNA from these samples is often compromised to the point where genetic typing can be challenging. Nevertheless, robust and reliable methods are currently available to allow successful genotyping of ancient specimens. Here we report nuclear DNAYbased methods and typing strategies used to analyze 2 human skeletons from a medieval burial. Reliable DNA nuclear profiles were obtained from teeth, whereas mitochondrial DNA analyses in bones were inconclusive. A complete nuclear mini short tandem repeat profile was obtained from a well-preserved premolar, but only a partial one from the femur. Increasing the sensitivity of the polymerase chain reaction system allowed a full profile from the latter, but the presence of artifacts reinforced the idea that the interpretation of this kind of analysis must be performed with caution. The results presented here also indicate that DNA from dental pieces can be better preserved than from bones, even in the case of well-preserved long bones with thick cortical tissue such as the femurs, and have a better chance of successful genetic typing, probably because of the high degree of protection conferred to the DNA by the enamel. 1 Although unpredictable, the impact of diagenetic effects cannot be dismissed because aDNA molecules are usually degraded and coextracted with inhibitors that hamper genetic analysis.
D
espite the great progress made during recent years in typing ancient remains, genotyping of ancient DNA (aDNA) is still very challenging, mainly because of the degradation of the DNA due to molecular instability and diagenetic changes. 1 Although unpredictable, the impact of diagenetic effects cannot be dismissed because aDNA molecules are usually degraded and coextracted with inhibitors that hamper genetic analysis. 2 These special characteristics of ancient molecules determine the approaches chosen to study aDNA.
Ancient DNA typing from dental pieces sometimes gives a better chance of successful genetic typing, probably because of the high degree of protection conferred to the DNA by the enamel. However, molecular biology methods must be optimized and adapted to the special conditions of aDNA typing. Methodological improvements in this field can be usefully applied in forensic casework.
Here, we present a case of aDNA typing from medieval human remains, which illustrates how teeth can help achieve successful identification results when bone typing fails. Methodological strategies implemented in this case to obtain reliable genetic profiles are also discussed and reported here.
MATERIALS AND METHODS

Samples
A set of 10 skeletons was anthropologically individualized among a group of bones from a medieval burial in the Aragonese Pyrenees. The historical background was that 2 young women had been buried there approximately 2 centuries after the others. The aim of this study was to identify these 2 young female skeletons and obtain reliable DNA profiles to establish genetic relations.
Among the individualized specimens, 9 were 14 C-dated between AD 970 and 1150 and 2 (subjects 1 and 2) dated to AD 1350 (R. Hedges, personal communication). Despite the age of the remains, the anthropological study of these 2 subjects revealed that they were in a good state of preservation and probably corresponded to the 2 young female skeletons. Moreover, the bone and teeth analysis of stable isotopes (C 13 C and C 15 N) evidenced a common diet pattern that differed from the rest of the skeletons of the burial (R. Hedges, personal communication). We focused on these 2 singular skeletons for genetic typing and selected a whole femur and an intact premolar, which remained in the alveolar process, from subject 1, and a femur from subject 2, which lacked dental pieces.
Prevention of Contamination
Special procedures to reduce the risk of contamination with exogenous DNA are imperative when studying ancient human remains. 3, 4 All the people handling the samples were genotyped, and their profiles were compared with those of the samples. Anthropologists and laboratory personnel wore disposable gloves, hair nets, face masks, and coveralls. All procedures were carried out under sterile conditions in a dedicated laboratory with separated areas for specimen handling, before and after polymerase chain reaction (PCR), to avoid contamination. DNA-free certified reagents and materials were used. Mock extractions were performed along with sample extractions, and extraction and amplification blanks were included in all PCR assays. Amplifications were performed twice by different technicians to ensure the accuracy of the results.
Sample Preparation and DNA Extraction
To eliminate surface contamination, a 1-to 2-mm layer of the outer surface of the femurs was removed by sanding and a transversal hemisection of approximately 1 cm wide was cut with a diamond disk attached to a Dremel drill (Dremel, Racine, Wis). Samples were thoroughly cleaned (with successive washes of 10% sodium hypochlorite, ethanol, and sterile water) and pulverized in a freezer mill under liquid nitrogen.
DNA from the bone/tooth powder (up to 0.5 mg) was extracted in duplicate using a silica-based purification method, 5 with slight modifications. Briefly, the bone powder was incubated for 24 hours at room temperature in 10 mL of extraction buffer (0.5 mol/L EDTA and 0.25 mg/mL Proteinase K, pH 8.0). After centrifugation (5 minutes at 9000g), 40 mL of fresh binding buffer (5 mol/L guanidinium thiocyanate, 25 mmol/L NaCl, 50 mmol/L Tris) and 100 HL of silica suspension were added to the supernatant, and pH was adjusted to pH 4.0 using 30% wt/vol HCl. Samples were then incubated with shaking for at least 3 hours at room temperature to allow binding of DNA molecules to the silica. After that, 2 washes with washing buffer (50% vol/vol ethanol, 25 mmol/L NaCl, 10 mmol/L Tris, 1 mmol/L EDTA, pH 8.0) were performed; the silica pellet was left to dry and eluted in 30 KL of Tris-EDTA buffer. Mock extractions were carried out along with bone samples to monitor contamination.
DNA Quantification
In degraded samples, it is critical to assess the quantity and quality of DNA available to make decisions on the downstream analysis. The DNA in the extracts was quantified using a realtime PCR kit Quantifiler Human DNA Quantification Kit (Applied Biosystems, Foster City, Calif), which includes an internal PCR control to monitor inhibition of the PCR in the extracts.
Mitochondrial DNA Sequencing
Two overlapping fragments of the HVI region of mitochondrial DNA (positions 15996Y16401 of the revised Cambridge Reference Sequence 6 ) were amplified using the primers described by Wilson et al. 7 Amplification was performed using the conditions described in Sosa et al. 8 The PCR products were purified using the ExoSAP-IT (USB Corporation, Cleveland, Ohio) following the instructions from the manufacturer. Sequencing reaction was performed using the BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) and purified with the DyeEx 2.0 Spin kit (Qiagen, Hilden, Germany). Capillary electrophoresis was run in the ABI Prism 310 (Applied Biosystems), and sequences were analyzed using SeqScape software v2.5 (Applied Biosystems).
Nuclear DNA Typing
Autosomal short tandem repeat (STR) loci were studied using a standard human identification STR kit (AmpFlSTR Identifiler PCR Amplification Kit; Applied Biosystems). MiniSTR loci were typed using the AmpFlSTR MiniFiler PCR Amplification Kit (Applied Biosystems).
Capillary electrophoresis was run in the ABI Prism 310 (Applied Biosystems), and data were analyzed using GeneMapper ID Analysis Software v3.2 (Applied Biosystems).
RESULTS AND DISCUSSION
The analysis of the DNA extracts by real-time PCR revealed an absence of inhibition (full amplification of the internal PCR control) in the 3 samples analyzed. Although no DNA could be retrieved from the femur from subject 2, the DNA extraction was successful in the premolar (120Y180 pg of nuclear DNA/KL; 10Y13 ng/g) and in the femur (100Y120 pg/KL; 5.5Y6.5 ng/g) from subject 1. No DNA was detected in the extraction or in the reagent blanks.
Mitochondrial DNA analyses were performed in the 3 samples, even if nuclear DNA was not detected in subject 2. Although many attempts were performed to get unambiguous mitochondrial DNA sequences, and despite the fact that the extraction and amplification blanks were clean, the sequences presented contamination and no consensus sequences could be obtained.
The attempts to amplify autosomal STRs using a standard human identification STR kit (AmpFlSTR Identifiler PCR Amplification Kit; Applied Biosystems) were unsuccessful in both samples from subject 1, probably because of a high degree of degradation of the DNA in the samples. Then, the AmpFlSTR MiniFiler PCR Amplification Kit (Applied Biosystems), which is optimized for typing degraded and/or inhibited DNA samples (due to a reduced amplicon size), was used (8 miniSTRs + amelogenin).
A complete miniSTR profile was obtained from the premolar (following the conditions of the manufacturer), although the imbalance between the peak heights of smaller and longer fragments was indicative of DNA degradation (Fig. 1) . The successful typing of this dental piece is coherent with the preliminary visual assessment because it preserved its morphologic integrity (intact roots, absence of fissures) and enamel brightness. Neither the extraction blanks nor the amplification negatives presented contamination. In the case of the femur, only a partial profile (5 miniSTRs instead of 8) was obtained ( Fig. 2A) . To get a full profile from this sample, a low copy number (LCN) approach was carried out by increasing the amount of polymerase (extra 0.8 KL of Taq polymerase/reaction was added) and augmenting the number of cycles (from 30 to 35). Using this approach, a complete profile of miniSTRs could be obtained from the femur (Fig. 2B) . The profiles obtained from the premolar and the femur matched perfectly, indicating that they presumably belonged to the same individual, in line with the previous anthropological evaluation. The analysis of the amelogenin marker confirmed that at least one of the skeletons studied belonged to a woman, which, together with the historical record, the anthropological assessment, and the data of the remains, is consistent with the presence of the young women deemed to have been buried in this place.
Raising the number of cycles greatly increases PCR sensitivity. Nevertheless, when the input DNA is too low, there is a risk of fluctuation effects because of stochastic sampling of the 2 alleles present in a heterozygous individual. 9 For this reason, cautious interpretation of LCN STRs results is needed. 10 In the present study, it was possible to confirm the genetic profile obtained from subject 1, even when an allelic Bdrop in[ was observed in 1 locus, because a full genetic profile of another sample of the same individual was available for comparison.
Effects of degradation and molecular damage are not always easily circumvented, and prevention and detection of contamination are critical in aDNA studies. Mitochondrial DNA is much more prone to contamination by exogenous DNA than nuclear DNA, as has been confirmed in this study. The use of highly optimized miniSTR typing systems allowed the genotyping of ancient human remains and proved to be a valuable tool for genetic anthropology. The amenability to get nuclear DNA information from compromised samples is very well received because the STR loci are the most informative genetic markers for identity testing. The results presented here also indicate that DNA from dental pieces can be better preserved than from bones, even when analyzing well-preserved long bones with thick cortical tissue such as the femurs, and have a better chance of successful genetic typing, probably because of the high degree of protection conferred to the DNA by the enamel.
